Abstract Subchondral signal abnormalities have been suggested to play an important role in chronic low back pain (LBP) syndromes. Their natural course is not well known. In this study the morphology and natural course of isolated subchondral signal abnormalities in the lumbosacral spine were analyzed with MRI. Twenty-four chronic LBP patients with a subchondral hypointensity on T1-weighted image (hyperintense on T2), indicating edema, were selected from a base population of 1,015 consecutive LBP patients to a follow-up MRI study within 18-72 months. Exclusion criteria were age [60 years, nerve root compression, a more specific back disease or a recent or major spine operation. The size and location of each subchondral signal abnormality and endplate lesion and the degree of degenerative disc changes were evaluated and compared between the baseline and follow-up studies. Most subchondral hypointensities were found at the L4/L5 or L5/S1 disc space, anteriorly and in both adjacent endplates. Almost all (53/54) hypointensities were associated with an endplate lesion. Twelve of the 54 subchondral hypointensities enlarged, six remained constant and 36 decreased or disappeared while five new ones appeared. Twenty-two (41%) hypointensities changed totally to hyperintensities or to mixed lesions. If the hypointensity increased, decreased or changed into hyperintensity, a change tended to develop in the adjacent endplate. If the hypointensity was absent or unchanged, endplate lesions did not tend to progress. In the absence of disc herniation or other specific spinal disease, subchondral hypointensities indicating edema are uncommon. They seem to have a highly variable course. There appears to be a link between endplate lesions and subchondral signal abnormalities. Further study is needed to explain the contribution of these findings to low back symptoms.
Introduction
Lumbar disc degeneration plays a major role in low back pain (LBP) syndromes [24] , but the magnetic resonance imaging (MRI) findings of intervertebral discs have not been found to explain well the symptoms among such patients. Subchondral signal abnormalities have been found to be associated with LBP [2, 3, 5, 11, 26] , particularly with hypointensities [2, 13, 23] . Subchondral edema-like hypointensity on T1 weighted image (T1WI), being hyperintense on T2 weighted image (T2WI), has been found in association with vascularized fibrous tissue and with fissuring or disruption in the adjacent end plates [17] . Hyperintensity both on T1WI and T2WI has been found in association with fatty replacement of the subchondral marrow [17] and hypointensity both on T1WI and T2WI with sclerotic subchondral lesions in advanced degeneration.
Subchondral hypointensities have been mainly found to convert to hyperintensities on T1WI [16, 17] , but some of them in contrast appear to enlarge [2, 16] . Most follow-up studies on the natural course of subchondral signal abnormalities include patients with disc herniations [2, 12, 16, 17, 25] .
Subchondral bone marrow edema found in many specific diseases like spondylodiscitis or ankylosing spondylitis may be difficult to differentiate radiologically from the degenerative subchondral signal abnormalities [9, 17] . The course of such signal abnormalities in a specific back disease, even in disc herniation, may differ from that in degenerative disc disease in general. It is important for the physicians treating LBP patients to be familiar with the appearance and the natural course of the subchondral signal abnormalities in degenerative disc disease. Attempts to subclassify patients with LBP should have high priority [4, 7, 15] , since it may result in a better targeting of treatment [4] . Therefore, we chose to study the morphology and the natural course of degenerative subchondral signal abnormalities, indicating edema, during a long-term follow-up in a specifically selected group of patients suffering from chronic non-specific LBP.
Materials and methods
The subjects were selected from 1,015 consecutive LBP patients referred for standard lumbar spine MRI at a university hospital, to study the association between subchondral signal abnormalities and LBP, which will be accomplished later. The inclusion criteria were chronic non-specific LBP of at least 3 months' duration and a clearly detectable subchondral hypointensity on T1WI, hyperintense on T2WI, covering at least 5% of the area of the vertebra in a sagittal MR image. Lumbar T1 and T2 weighted MR images were retrospectively evaluated by an experienced musculoskeletal radiologist (LK), according to the criteria by Modic et al. [17] , for the presence of subchondral signal abnormalities and other findings possibly explaining the LBP. The exclusion criteria were as follows: age C60 years, a specific back disease like fracture, neoplasia, a known or detected infectious or rheumatic spine disease, spondylolisthesis (5 mm or more), spinal stenosis, disc extrusion, any other finding with neural compression, a recent spine operation (less than 6 months ago) and a major spine operation like spondylodesis or disc prosthesis at any time. Small marginal signal changes beneath osteophytes were excluded. The mean age of the selected patients (16 females, 8 males) was 43 (28-60) years. Three had had an earlier operation 3-7 years before the MRI. All patients included gave a written informed consent to use their clinical data for the study purposes. The study protocol was approved at the local ethical committee.
The baseline MR images were obtained with high field MR units by using T1-and T2-weighted TSE and FSE sequences. Two Gyroscan units (1.0 T), one Sonata (1.5 T) and one Signa (1.5 T) unit were used. The follow-up (sagittal) images were obtained with the Gyroscan 1.0 T unit and TSE-sequences with an average interval of 42 months.
An independent and blind reading of sagittal T1-and T2-weighted images (hard copies) was performed by an experienced radiologist (KL). She read 20 images twice and so did another radiologist (LK) once to estimate the intra-and interobserver agreements. The location and maximal area (as a percentage of the corresponding area of the vertebral body) of any subchondral signal abnormality was visually estimated and classified as M1 (hyperintense on T2WI, hypointense on T1WI), M2 (hyperintense on T1WI and T2WI) and M3 (hypointense on T1WI and T2WI). Lesions in each endplate (n = 240) were assessed and classified as irregularity (uneven border between the intervertebral disc and vertebral body) or focal defect (focal subchondral lesion or defect with appearance of Schmorl lesion or erosion) or both. The location of each endplate lesion in relation to M1 was assessed by comparing whether it was located in the same or adjacent sagittal slice as the largest M1 (in contact) or more distant.
Signal intensity of the nucleus pulposus was estimated by comparing it with the adjacent cerebrospinal fluid (CSF) and cortical bone as normal, slightly decreased, decreased, or strongly decreased. Disc height (anterior, posterior and middle) was visually estimated as normal (higher than, or as high as the upper not degenerated disc space), slightly decreased (B33% lower than the upper disc space), clearly decreased (34-66% lower), or strongly decreased ([66% lower). Anterior and posterior bulges or protrusions reaching clearly beyond the interspace were assessed. Examples of degenerated discs are shown in Figs. 1, 2 .
Then a consensus reading was performed by two experienced radiologists (KL, TV) to evaluate the development of M1, endplate lesions and degenerative disc changes in each disc space (n = 120), by comparing the baseline and follow-up images.
The presence and change of the size of M1 was classified as follows: constantly no M1, M1 remaining constant, M1 disappeared or decreased, M1 enlarged, or a (new) M1 appeared. M2 and M3 were evaluated accordingly. Endplate lesion was evaluated as follows: constantly no lesion, lesion persisted, focal defect disappeared and endplate lesion appeared. Anterior and posterior bulges were evaluated accordingly. The constancy in signal intensity of the nucleus pulposus was classified as follows: constantly normal, constantly decreased but unchanged, intensity (further) decreased and intensity locally increased. The constancy in disc height was classified as follows: constantly normal, constantly decreased but unchanged, height (further) decreased. A visually estimated height decrease of at least 20% in any region was considered a true change.
Statistical analysis
The intraobserver and interobserver agreements of assessing the degenerative changes at each disc level on MR images were estimated by calculating kappa or intraclass correlation coefficients (ICC). The size of each M1 adjacent to the upper endplate was correlated with that adjacent to the corresponding lower endplate by Spearman's correlation. The size of each M2 was correlated accordingly. Statistically significant difference was set at P \ 0.05.
The independent effect of the presence or change of the endplate lesion (No lesion/lesion persisted/focal defect disappeared/lesion appeared) on the dichotomized change in the M1 lesion (No M1 or M1 remained constant/M1 decreased, disappeared, enlarged or appeared) during follow-up was studied with logistic regression taking into account other possible predictors such as disc changes (anterior/posterior bulge, height and signal intensity of the disc) and endplate location (upper/lower). Patient age, gender and imaging interval were included in the original analysis but then eliminated due to their non-significant effect. A single endplate was regarded as an observational unit (n = 240). Endplates within patients are likely to be more similar than those between patients due to genetic and environmental factors. Also endplates located at the same disc level (e.g., all presacral endplates) are likely to be affected by more similar physical loading factors than those at different levels (e.g., L1/2 and L4/L5) due to biomechanical factors. The above facts violate the basic assumption of independency of observational units within a group, which is required in most statistical analyses. Logistic regression analyses were, therefore, conducted by defining patients as clusters. The disc level (n = 5) was also set as a cluster. SPSS 14.0.1. (SPSS Inc., Chicago, Illinois, USA) with its complex samples module was used. P \ 0.005 were considered significant. Fig. 1 a On T2-weighted image (T2WI) at baseline, a subchondral hyperintensity (M1) adjacent to both endplates of L5/S1 disc space and a focal hypointense lesion subchondrally adjacent to the lower endplate. Disc signal intensity slightly decreased at L4/5, decreased at L3/4 and strongly decreased at L5/S1. Disc height decreased at L5/S1.
b After follow-up the focal hypointense lesion and the surrounding subchondral hyperintensity adjacent to the lower endplate have enlarged as well as the hyperintensity adjacent to the upper endplate and a new focal lesion has appeared subchondrally in its center. Disc height at L5/S1 is strongly decreased (further)
Results

Baseline
The 24 patients had 54 M1s, 19 of them at a single disc space and five at two disc spaces. M1 was adjacent to a single endplate in four cases and to both endplates in 25 cases of those 29 affected disc spaces. Location of M1 was disc space L5/S1 in thirteen cases, L4/L5 in eleven, L3/L4 in three, L2/L3 in one and L1/L2 in one case. Twenty-eight of the 54 M1s were uniformly hypointense on T1WI and 26 of mixed hypo-and hyperintense (M1/M2) type.
Nineteen patients had 41 M2s, 15 of which uniformly hyperintense on T1WI, 12 at a single disc level, four at two levels and three at three levels. At 14 (48%) of the 29 affected disc spaces M2 was located adjacent to the upper endplate only and at three (10%) to the lower one only while at 12 (41%) to both. Seven patients had M3s, all associated with M1.
The presence and size of subchondral signal abnormalities adjacent to all the 240 endplates is detailed in Table 1 . Forty-four percent of the M1s covered at least 20% of the sagittal area of the vertebral body. M2s and M3s were smaller. The size of the M1 adjacent to the upper endplate correlated with that adjacent to the lower one: r = 0.925, P = 0.01 at L5/S1 level and r = 0.818, P = 0.01 at L4/L5 level. The correlation with regard to the M2 lesions was somewhat weaker, but still significant: r = 0.450, P = 0.05 at L5/S1 level and r = 0.640, P = 0.01 at L4/L5 level. M1 lesions were slightly more common in the anterior half than the posterior half or central part of the endplate (Table 2) . At disc space L5/S1, the largest four M1 lesions were located adjacent to the upper endplates.
There was an endplate lesion in 41/120 upper endplates and in 42/120 lower ones. Forty-seven of lesions were irregularities, 19 focal lesions and 17 irregularities with focal lesions. Endplate lesion was in contact with 53/54 (98%) M1s (Figs. 1, 2, 3, 4) . Some M1s had a semilunar shape surrounding the centrally located endplate lesion (Figs. 2, 3) . Some of the focal lesions had an appearance of an erosion or Schmorl lesion (Fig. 4) , some a focal small hypointensity (Figs. 1, 2, 3) .
Signal intensity was normal in 32 (44%), slightly decreased in 25 (21%), decreased in 28 (23%) and strongly decreased in 15 (12%) of the 120 lumbar discs. Disc height was normal in 58 (65%), slightly decreased in 18 (15%), Fig. 2 a On T2WI at baseline the small focal subchondral hypointensity surrounded by a hyperintensity (MI) on the upper and lower endplate of L3/L4 disc space slightly enlarges after follow-up (b) and a new MI surrounding a focal hypointensity appears on the lower endplate. Disc signal intensity is decreased at L3/L4 and L4/L5 and slightly decreased at L5/S1, and disc height slightly decreased at L3/ L4 and normal at L4/L5 and L5/S1 at baseline (a) and decreased (further) at L3/L4 after follow-up (b) clearly decreased in 13 (11%) and strongly decreased in 11 (9%) discs. Thirty discs (25%) had a posterior bulge, 29 (24%) an anterior bulge.
The inter-and intraobserver agreements were 0.72 and 0.76 (ICC) concerning disc signal intensity, 0.91 and 0. 
Follow-up
Most (36/54, 67%) M1s disappeared or decreased during the follow-up (Fig. 4d ), but 12 of them (22%) enlarged (Figs. 1b, 3b ) and five new ones appeared (Figs. 2b, 3b , Table 3 ). The longer the interval, the more likely M1 tended to decrease or disappear (Table 3) . 22/23 new M2s developed from M1s (Fig. 4d ) and the only new one not detectable at baseline, was of mixed type (Table 4) . 18/41 (43%) M2s remained unchanged while 17/41 (41%) enlarged. In the three cases in which M2 disappeared or decreased, an adjacent M1 enlarged. Most M3s remained unchanged or increased. Six developed from M1. The changes of M1 varied with time and between regions of the vertebral body (Table 2) . Size estimated as the maximal percentual area of the signal change in the sagittal plane in relation to that of the vertebral body Fig. 3 a On T2WI at baseline a hyperintensity (M1) with a semilunar shape surrounds the small hypointense end plate lesion on the upper end plate of the L4/L5 disc space. b After follow-up the hypointense lesion on the upper endplate enlarges along with the surrounding hyperintensity. A new small hypointense lesion and a surrounding hyperintensity (M1) appear adjacent to the lower end plate. c On T1WI after follow-up, a focal defect has appeared in the center of the M1 type subchondral hypointensity adjacent to the upper end plate. A new hypointensity (M1) has appeared adjacent to the lower one Fig. 4 At baseline a subchondral hyperintensity (M1) on T2WI (a), hypointense on T1WI (b) is surrounding a Schmorl-type defect adjacent to the lower end plate of the L4/L5 disc space and a small irregularity adjacent to the upper end plate. After follow-up the subchondral signal changes have enlarged anteriorly on T2WI (c) and partly changed from M1 to M2 type, hyperintense on T1WI (d). The small irregularity adjacent to the upper end plate has clearly enlarged along with the surrounding M1, resembling now an erosion or Schmorl lesion. Posteriorly, the irregularity adjacent to the lower endplate is decreased and the Schmorl type defect become more clearly demarcated while the subchondral hypointensity (M1) has totally changed to a hyperintensity (M2)
Endplate lesion increased during follow-up in 19/53 (36%) endplates in which it was in contact with M1 (Figs. 3c, 4c, d ) and in 35/240 (15%) of all the endplates. The signal intensity decreased in 18 (15%) and the height in 17 (14%) of the total 120 discs. A posterior bulge appeared in seven discs and disappeared in ten, an anterior bulge in six and seven, respectively. There was a statistically significant positive association between the presence or change in the endplate lesion (when compared to endplates without lesion) and any change in the adjacent M1 lesion as studied with logistic regression (P = 0.032). Thus, if the size of M1 increased or decreased, or its signal intensity changed, an adjacent endplate lesion often was present (OR = 17.1, 95% CI 2.7-109.6), increased or a new one appeared (OR = 10.1, 95% CI 1.5-68.7), or the lesion changed in appearance (OR 12.9, 95% CI 1.5-114.5).
Discussion
This is a detailed mid-to long-term prospective MRI-study on subchondral signal abnormalities in the lumbar spine of LBP patients without disc herniation or other specific spine disorders. Studying subgroups of the usually very heterogeneous LBP patients has been given a high priority in LBP research [4, 7, 15] .
Only patients with a relatively large, conclusive M1 were included, since such more definite hypointensities (on T1WI) have been found to correlate with LBP [5, 13] . Elderly people (over 60 years old) were excluded because of the common, age-dependent, degenerative changes in intervertebral discs and bone marrow, which may hamper the assessment of the subchondral abnormalities. The number of patients in this study was limited because M1 as a single finding is not common among patients with chronic LBP even though it is in association with disc herniation [2, 22] . In our study, the carefully selected group of LBP patients with M1 consisted of 24 (2.4%) patients of the 1,015 base population. In previous studies, the reported prevalence of subchondral signal abnormalities varies, that of hypointensities between 4% and 16% [2, 6, 11, 13, 17, 22] . This is obviously due to varying criteria for abnormalities and selection of subjects.
In the present study the radiological analysis was more detailed and the follow-up longer than in most previous studies although it varied somewhat between patients. There was a high intra-and interobserver agreement with respect to subchondral signal abnormalities. The agreement on detecting bulges was fair. Although the initial MRI equipments and imaging protocol were not identical in the participating clinics, all baseline images were obtained with a high-field unit and all follow-up MRI images with the same 1.0 T equipment and imaging protocol. We believe that the equipment dependent differences did not essentially affect the results of the follow-up because our classification was chosen to detect only large M1s and unquestionable signal changes.
In our study, M1 had a more dynamic course than other signal abnormalities or degenerative disc changes. The majority decreased or disappeared and 41% of those changed into hyperintensities (M2). Hypointensities (M1) did neither change simultaneously in all regions nor after same time interval (Table 4 ). The finding of three new hypointensities appearing within previous hyperintensities may be explained by new subchondral edema in a region with earlier fatty degeneration. Reverse transformation of M2 to M1 has been reported earlier [12, 14] . Thirty-four percent of M1s persisted or enlarged, suggesting that the phase of subchondral edema may last even for years.
In one study, during a follow-up of 14 months subchondral hypointensities increased from 9 to 29% [2] but in another study, during a longer follow-up of 72 months most subchondral hypointensities converted to hyperintensities [16] . We found a similar trend: most (67%) hypointensities seemed to turn into hyperintensities or disappear, while most (65%) hyperintensities persisted or increased. It has been suggested that they may represent different consecutive phases of the degenerative process in the subchondral marrow [3, 17] . The importance of the endplate [21, 22] and subchondral bone [8] for the integrity of the intervertebral disc has been pointed out. An injury to the vertebral body endplate has been found to provide a potent mechanical stimulus for disc degeneration [20] and tissue trauma following fracture has been suggested to cause accelerated intervertebral disc degeneration [10] . Schmorl lesions have been found to be associated with disc degeneration [10, 19] .
Modic et al. [17] , found fissures in the subchondral marrow adjacent to the endplate in patients with subchondral edema on MRI. A microtrauma to the endplate has been suggested to be the initiating event for a progressive deteriorating process with inflammatory or autoimmune effects, by allowing a contact between the noxious substances in the degenerative disc and cells in the bone matrix via the injured endplate [1, 20] . An endplate defect may also develop as a non-specific reaction to an insufficient healing process, beginning with bone marrow edema and necrosis [8] . An inflammatory process in endplates with M1 subchondral signal changes has been suggested to be induced by tumor necrosis factor (TNF) [18] . In a 3-year follow-up of sciatica patients [12] , new subchondral signal abnormalities were seldom found to be associated with endplate lesions, in contrast to our study, but the follow-up was shorter and the prevalence of subchondral hypointensities was lower and none was uniformly hypointense at baseline.
Conclusions
Subchondral signal abnormalities have a highly variable course during a mid-to long-term follow-up. Endplate lesions appear to change in parallel with them, suggesting that endplate lesions may be an essential feature of the degenerative process manifesting as subchondral signal abnormalities.
